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Abstract 
7KH REMHFWLYH RI WKLV VWXG\ LV WR HYDOXDWH WKH FDSDELOLW\ RI WKH WZR VRXUFH HQHUJ\ EXGJHW 76(% WR SUHGLFW GDLO\
HYDSRWUDQVSLUDWLRQRYHU LUULJDWHGFURSV LQDVHPLDULGDUHD7KH76(%PRGHOSUHVHQWVSDUWLFXODUO\ LQWHUHVWLQJVNLOOV
IRU VHDVRQDO FRXUVHRI GDLO\ HYDSRWUDQVSLUDWLRQ UHJDUGLQJ WKH OLPLWHGQXPEHURI LQSXWV UHTXLUHGZLWK DQ506(RI
PPGD\RQDYHUDJHZLWKUHJDUGVWRHGG\FRYDULDQFHPHDVXUHPHQWVDWOHDVWEHIRUHFURSVHQHVFHQFH%\
FRQWUDVW LI IRFXVLQJ RQ D GU\LQJZHWWLQJ SHULRG VXUURXQGLQJ D UDLQ HYHQW D ODFN RI PRGHO UHDFWLRQ WR VWUHVV LV
KLJKOLJKWHGWKDWFRXOGEHDPDMRUGUDZEDFNIRULUULJDWLRQVFKHGXOLQJ

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH6FLHQWLILF&RPPLWWHHRIWKHFRQIHUHQFH

Keywords76(%(YDSRWUDQSLUDWLRQ5HPRWHVHQVLQJ6HPLDULG
1. Introduction 
,QWKH0DJKUHEDQGWKH0LGGOH(DVWFRXQWULHVDERXWPLOOLRQVSHRSOHOLYHZLWKOHVVWKDQP
RIZDWHUD\HDUDQGSHUFDSLWDDQGPLOOLRQVDUHDOUHDG\LQVLWXDWLRQRIVWURQJVKRUWDJHOHVVWKDQP

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 LQKDELWDQW  \HDU 7KH FRQVWDQWO\ LQFUHDVLQJZDWHU GHPDQG >@ DVVRFLDWHG WR WKH DQQRXQFHG SRWHQWLDO
ZDUPLQJ>@DQGGU\LQJRXW>@WKDWPD\IDFHWKHUHJLRQFRXOGH[DFHUEDWHWKLVDOUHDG\VHQVLWLYHSUHVVXUH
RQWKHZDWHUUHVRXUFHVLQDQHDUIXWXUH$JULFXOWXUHLVE\IDUWKHODUJHVWFRQVXPHURIZDWHUZKLOHDFWXDO
SUDFWLFHVLQFOXGLQJWUDGLWLRQDOIORRGLQJDUHYHU\LQHIILFLHQW,Q0RURFFRIRULQVWDQFHLUULJDWLRQFRQVXPHV
PRUH WKDQ  RI WKH DYDLODEOH ZDWHU ZKHUHDV LUULJDWHG VXUIDFH LV DERXW  RI WKH DUDEOH ODQGV $
UDWLRQDO PDQDJHPHQW RI WKH DOUHDG\ VFDUVH ZDWHU UHVRXUFHV UHTXLUHV WKH GHYHORSPHQW RI VLPSOH DQG
DFFXUDWHPHWKRGRORJLHVWRHVWLPDWHSODQWHYDSRWUDQVSLUDWLRQ(75DWDUHJLRQDOVFDOHDVDSUR[\RISODQW
ZDWHUFRQVXPSWLRQ
6HYHUDOGLUHFWDQGLQGLUHFW in situWHFKQLFVH[LVWIRUWKHPHDVXUHPHQWRI(75WKHERZHQUDWLRPHWKRG
>@/\VLPHWU\6DSIORZWKDWHVWLPDWHVWKHSODQWWUDQVSLUDWLRQWHUPDQGPLFURPHWHRURORJLFDODSSURDFKHV
E\HGG\FRYDULDQFHRUVFLQWLOORPHWU\$SDUWIRUWKHODWWHUDEOHWRSURYLGHDPXOWLSDUFHOHVWLPDWHRI(75
in situWHFKQLFVVXIIHUIURPDODFNRIVSDWLDOUHSUHVHQWDWLYLW\SUHYHQWLQJWKHPWREHDYLDEOHVROXWLRQVIRU
UHJLRQDO DSSOLFDWLRQV HVSHFLDOO\ IRU DJULFXOWXUDO ODQGVFDSH ZKHUH VSDWLDO KHWHURJHQHLW\ LQ WHUPV RI
IDUPLQJDQG WHFKQLFDO LWLQHUDULHV LQFOXGLQJPRLVWXUHFRQGLWLRQV« LVKLJK%\FRQWUDVW UHPRWHVHQVLQJ
RIIHUVDQDWWUDFWLYHDOWHUQDWLYH UHJDUGLQJ WKH V\QRSWLFDQG UHSHDWHGYLHZ LW FDQSURYLGH ,QGHHGHYHQ LI
HYDSRWUDQVSLUDWLRQ LV QRW GLUHFWO\ REVHUYDEOH IURP VSDFH UHPRWH VHQVLQJ GDWD LQ GLIIHUHQW SDUW RI WKH
HOHFWURPDJQHWLF VSHFWUXP DUH UHODWHG WR FKDUDFWHULVWLFV RI WKH ODQG VXUIDFH JRYHUQLQJ WKH SURFHVV RI
HYDSRWUDQVSLUDWLRQ:LWKLQ WKLV FRQWH[W VHYHUDO DSSURDFKHV XVLQJ MRLQWO\ UHPRWH VHQVLQJ GDWD DQG ODQG
VXUIDFHPRGHOVRIYDULRXVFRPSOH[LWLHVKDYHEHHQSURSRVHGIRUWKHUHJLRQDOPRQLWRULQJRI(75,QWKLV
VWXG\ IRFXV LVSXWRQVLPSOHDSSURDFKHVSUHVHQWLQJDSRWHQWLDO IRUDGLUHFWXVHE\ WKHZDWHUPDQDJHUV. 
7KLVH[FOXGHVde factoWKHPRUHPHFKDQLVWLFPRGHOLQJIUDPHZRUNVXFKDV6RLO9HJHWDWLRQ$WPRVSKHUH
7UDQVIHU69$7PRGHOVWKDWPRVWRIWKHWLPHQHHGWREHFRQWUROOHGE\DOVRFRPSOH[GDWDDVVLPLODWLRQ
VFKHPHVRIUHPRWHVHQVLQJREVHUYDWLRQVWRSUHYHQWWKHLUSUHGLFWLRQVWRGULIWIURPUHDOLW\
'LIIHUHQWPHWKRGRORJLHV WRPDS(75 DW UHJLRQDO VFDOH H[SORLWV VXUIDFH WHPSHUDWXUHPHDVXUHG IURP
VSDFHGHULYHGIURPGDWDDFTXLUHGLQWKH7KHUPDO,QIUDUHG7,5DWPRVSKHULFZLQGRZWRPPFI
>@DQG>@IRUDUHYLHZHPSLULFDOUHODWLRQVKLSVUHODWLQJ(75WRWKHDYDLODEOHHQHUJ\DWWKHVXUIDFH
5Q DQG WKH FXPXODWLYH WHPSHUDWXUH GLIIHUHQFH EHWZHHQ VXUIDFH DQG DLU WHPSHUDWXUH >@  UHVLGXDO
PHWKRGV VROYLQJ WKHSRLQW VFDOHHQHUJ\EDODQFHRI WKH ODQGVXUIDFHDQGFRPSXWLQJ(75DV WKH UHVLGXDO
WHUP DQG  VSDWLDO RU UHODWLYHPHWKRGV WKDW DVVXPH WKDW DOO VWUHVV FRQGLWLRQV DUH SUHVHQW LQ D VDWHOOLWH
LPDJHDQGPDSHLWKHU WKHYHJHWDWLRQVWUHVVRU WKH(75EHWZHHQ WZRH[WUHPHYDOXHV7KHILUVWJURXSRI
PHWKRGVQHHGVWREHFDOLEUDWHGRQORFDOFRQGLWLRQVZKLOHPHWKRGVRIJURXSDUHSXUHO\VDWHOOLWHGULYHQ
$PRQJDSSURDFKRIJURXS WKH7ZR6RXUFH(QHUJ\%DODQFHPRGHO >@SUHVHQWD UHDVRQDEOH WUDGHRII
EHWZHHQ D FRPSOHWH PHFKDQLVWLF IRUPXODWLRQ DQG D SXUH HPSLULFDO UHODWLRQVKLS DQG KDV EHHQ IRXQG WR
SURYLGHUHDVRQDEOHVNLOOLQDODUJHYDULHW\RIDSSOLFDWLRQV7KLVPRGHOFRPSXWHWKHHQHUJ\EDODQFHRIODQG
VXUIDFH WKHSUR[\RIZDWHUVWUHVVEHLQJJLYHQE\ WKH ODQGVXUIDFH WHPSHUDWXUHZKLFK WKHPDLQ LQSXWRI
76(%DYRLGLQJWKHQHHGIRUWKHFRPSXWDWLRQRIZDWHUEXGJHWLQWKHVRLO
7KH REMHFWLYH RI WKLV VWXG\ LV WZRIROG  SUHVHQW DQ H[SHULPHQW FDUULHG RXW LQ WKH+DRX] SODLQ LQ
0RURFFR GHGLFDWHG WR WKH HYDOXDWLRQ RI WKH FDSDELOLW\ RI WKH 76(% PRGHO WR SUHGLFW GDLO\
HYDSRWUDQVSLUDWLRQ RYHU KHWHURJHQHRXV LUULJDWHG ODQGVFDSH   GLVFXVV SUHOLPLQDU\ UHVXOWV RQ WKH
HYDOXDWLRQRIWKHPRGHOVNLOOVDWWKHVWDWLRQVFDOH6XEVHTXHQWVHFWLRQSUHVHQWVWKHGDWDDQGPHWKRGV7KH
VWDWLVWLFDODQDO\VLVRIH[SHULPHQWDOGDWDLQFOXGLQJWKHFRPSDULVRQEHWZHHQ/DWHQW+HDWIOX[HVPHDVXUHG
E\WZRGLIIHUHQWLQVWUXPHQWVLQSDUDOOHOWKH.U\SWRQ.+DQGWKH/LFRULVGHVFULEHGLQVHFWLRQ
6HFWLRQLVGHGLFDWHGWRWKHSUHVHQWDWLRQRIWKHSUHOLPLQDU\UHVXOWVRQWKHPRGHOFRPSDULVRQ&RQFOXVLRQ
DQGSHUVSHFWLYHDUHGUDZQLQVHFWLRQ
 
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2. Data and Methods 
2.1. The study site and in situ data 
7KHVWXG\VLWHFDOOHG5]RQH)LJXUHLVDQDUHDORFDWHGLQWKHLUULJDWHGUHJLRQRI6LGL5DKDODERXW
.PHDVWRIWKHFLW\RI0DUUDNHFKLQWKH+DRX]SODLQLQWKHFHQWHURI7HQVLIWEDVLQ7KHVLWHLVLUULJDWHG
E\ WUDGLWLRQDO IORRGLQJ WKURXJK JUDYLW\ LUULJDWLRQ QHWZRUN RI FRQFUHWH FDQDOV ,QWHUHVWLQJO\ HQRXJK WKH
PDQDJHPHQWLVEDVHGRQZDWHUVXSSO\DWWKHEHJLQQLQJRIWKHJURZLQJVHDVRQDQGQRLQIRUPDWLRQRQSODQW
GHPDQG LV WDNHQ LQWRDFFRXQW ,Q IDFWZDWHUDOORFDWHG WR LUULJDWLRQ LQ WKH+DRX]SODLQ LVGHILQHGDW WKH
EHJLQQLQJRI WKHJURZLQJVHDVRQIURPWKH ILOOLQJUDWHRI WKHGDPV)URPWKLVTXDQWLW\DZDWHUGHSWK LV
DWWULEXWHGWRHDFKIDUPSURSRUWLRQDOWRWKHIDUPVL]HDQGDQLUULJDWLRQVFKHGXOLQJLVQHJRFLDWHGZLWKWKH
IDUPHUV7KHLUULJDWLRQF\FOH IURPWRIRUZKHDW LQLWLDOO\SURSRVHGFDQEHRQO\VOLJKWO\PRGLILHGLI
IRULQVWDQFHUDLQRFFXUUHGDWWKHGDWHLQLWLDOO\GHILQHG
/RQJ WHUP UDLQIDOO LV DERXW PP RI ZKLFK  IDOO EHWZHHQ1RYHPEHU DQG$SULO ZKHUHDV WKH
HYDSRUDWLYH GHPDQG FDQ UHDFK  PP\HDU DQG LWV  KHFWDUHV DUH PDLQO\ XVHG IRU FHUHDOV
SURGXFWLRQ *URZLQJ VHDVRQ  LV FORVH WR DYHUDJH ZLWK  PP FXPXODWHG UDLQIDOO IURP
6HSWHPEHUWR0D\7KHVXUYH\RIODQGXVHVKRZVWKDWWKHGRPLQDQWFURSLVZKHDWZLWKRI
WRWDOVXUIDFH)LJXUHIROORZHGE\VXJDUEHHW
7KH WZR GRPLQDQW FURSV RI WKH SHULPHWHU KDYH EHHQ LQVWUXPHQWHG IURP -DQXDU\ WR$SULO ZLWK
PLFURPHWHRURORJLFDO LQVWUXPHQWV PHDVXULQJ DXWRPDWLFDOO\ DW D  PQV WLPHVWHS WKH ODWHQW /( DQG
VHQVLEOH + KHDW IOX[HV WKH IRXU FRPSRQHQWV RI WKH HQHUJ\ EDODQFH WKH VRLO KHDW IOX[HV DQG WKH VRLO
PRLVWXUHDQGWHPSHUDWXUHYHUWLFDOSURILOH7KHHGG\FRYDULDQFHV\VWHPPHDVXULQJODWHQWDQGVHQVLEOHKHDW
IOX[HV LV FRPSRVHGRI D.U\SWRQ.+K\JURPHWHU DQG D' VRQLF DQHPRPHWHU&DPSEHOO&6$7 ,Q
DGGLWLRQDQHZFORVHGSDWKJD]DQDO\]HU/LFRUKDVEHHQLQVWDOOHGRQWKHZKHDWVWDWLRQGXULQJRQH
PRQWKLQ$SULOIRUFRPSDULVRQSXUSRVHZLWKWKH.U\SWRQLQVWUXPHQW1RWHWKDWWKHNU\SWRQLQVWUXPHQWRQ
WKHZKHDW VWDWLRQKDVSUHVHQWHGQXPHURXVPDOIXQFWLRQVGXULQJ WKH WKUHH ILUVWPRQWKVRI WKHH[SHULPHQW
DQGILQDOO\FUDVKHG,WZDVUHSODFHGLQHDUO\0DUFK,QDGGLWLRQPHWHRURORJLFDOSDUDPHWHUVDUHPHDVXUHG
RQDPHWHRURORJLFDOVWDWLRQORFDWHGLQWKHFHQWHURIWKHLUULJDWHGSHULPHWHU7KHHYDSRUDWLYHGHPDQG(7
LVFRPSXWHGXVLQJWKH3HQPDQ0RQWHLWKHTXDWLRQ
7KLVGDWDVHWKDVEHHQFRPSOHPHQWHGE\VXUYH\VRIODQGXVHDQGLUULJDWLRQZDWHULQSXWVDOODORQJWKH
DJULFXOWXUDO VHDVRQ 6DPSOLQJ RI IUDFWLRQ FRYHU DQG OHDI DUHD LQGH[ KDV DOVR EHHQ FDUULHG RXW XQWLO
VHQHVFHQFHDORQJPUHJXODUO\VSDFHGVWDNHV)LJXUH7KHKHPLVSKHULFSLFWXUHDSSURDFKLVXVHGIRU
)LJD5LUULJDWHGSHULPHWHUNPHDVWRI0DUUDNHFK0RURFFRDQGODQGXVHIRUWKHJURZLQJVHDVRQEDQG
F:KHDWDQG6XJDUEHHWILHOGVUHVSHFWLYHO\ZLWKORFDWLRQRIVWDNHVIRUKHPLVSKHULFSLFWXUHDQGFURSVFDQVDPSOLQJVHHWH[W
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/$,ZKHUHDVWKHIUDFWLRQFRYHULVVLPSO\GHGXFWHGIURPWKHELQDUL]DWLRQRIVLPSOHSLFWXUH7KHUHZHUH
DQGFDPSDLJQVIRUZKHDWDQGVXJDUEHHWUHVSHFWLYHO\IURP-DQXDU\WKWR$SULOWKDERXWRQHGDWDSHU
 GD\V DQG SHU  GD\V $IWHU YLVXDO LQVSHFWLRQ RI WKH  SLFWXUHV DFTXLUHG  ZHUH GLVFDUGHG
EHFDXVHRIDFTXLVLWLRQSUREOHPV  VKDGRZVSUREOHPRIKRUL]RQWDOLW\DQGRWKHUPRUHVLOO\ OLNHIRUJHW WR
FKDQJH WKH OHQV E\ WKH KHPLVSKHULF RQH 7KH /HDI $UHD ,QGH[ LV FDOFXODWHG IURP WKH KROH IUDFWLRQ DW
GLIIHUHQW ]HQLWKDO DQJOHV IROORZLQJ >@ )LQDOO\ VSHFWUDO VLJQDWXUHV RI WKH FURSV KDYH EHHQ FDUULHG RXW
DORQJWKHVDPHWUDQVHFWVXVLQJDFURSVFDQ056VDPHVSHFWUDOEDQGVDV/$1'6$770VHQVRU
2.2. The TSEB model 
7KH76(%PRGHOKDVEHHQGHVFULEHGLQGHWDLOVLQ >@DQG>@/DWHQWDQGVHQVLEOHIOX[HVDULVHIURP
WZRVRXUFHVWKHVRLODQGWKHYHJHWDWLRQ7KH76(%PRGHOXVHVDVLQJOHWLPHREVHUYDWLRQRIUDGLRPHWULF
VXUIDFHWHPSHUDWXUH7UDGWRVROYHWKHGRXEOHHQHUJ\EDODQFHDWWKHWLPHRIDFTXLVLWLRQ

ܴ݊ǡ ݏ ൌ ܪǡ ݏ ൅ ܮܧǡ ݏ ൅ ܩ
ܴ݊ǡ ܿ ൌ ܪǡ ܿ ൅ ܮܧǡ ܿ (1.1) 
VDQGFLVIRU³VRLO´DQG³FDQRS\´UHVSHFWLYHO\
6RLODQGYHJHWDWLRQWHPSHUDWXUHFRQWULEXWHWR7UDGLQSURSRUWLRQWRWKHIUDFWLRQRIWKHUDGLRPHWHUYLHZ
WKDWLVRFFXSLHGE\HDFKFRPSRQHQW
 ܶݎܽ݀ ൌ ሾ݂ܿܶǡ ܿସ ൅ሺͳ െ ݂ܿሻܶǡ ݏସሿଵȀସ (1.2) 
7KHDYDLODEOHHQHUJ\5QLVFRPSXWHGIURP
 ܴ݊ ൌ  ሺͳ െ ߙሻܴ݃ ൅ ߝሺܴܽݐ݉ െ ሺͳ െ ݂ܿሻߪܶǡ ݏସ െ ݂ܿߪܶǡ ܿସ (1.3) 
5JDQG5DWPDUHWKHVKRUWDQGORQJZDYHLQFLGHQWUDGLDWLRQUHVSHFWLYHO\IFLVWKHJUHHQYHJHWDWLRQFRYHU
IUDFWLRQGHULYHG IURP1'9, WKDQNV WR DQ HPSLULFDO UHODWLRQVKLS VHHEHORZߝLV HTXDO WR DQG WKH
DOEHGRߙHYROYHVVHDVRQDOO\ZLWKWKHYHJHWDWLRQFRYHUIUDFWLRQWKURXJKDZHLJKWHGDYHUDJHRIDVRLODQGD
YHJHWDWLRQDOEHGRHTXDOWRDQGUHVSHFWLYHO\
7KHDYDLODEOHHQHUJ\DWWKHVRLOVXUIDFHDVVXPLQJDQH[WLQFWLRQFRHIILFLHQWRILVFRPSXWHGIURP
 ܴ݊ǡ ݏ ൌ ܴ݊݁ሺି଴Ǥସହ௅஺ூሻ (1.4) 
7KH/HDI$UHD,QGH[/$,LVGHULYHGIURPDQHPSLULFDOUHODWLRQVKLSEHWZHHQWKH1'9,DQGPHDVXUHG
/$,HVWLPDWHG IURPWKHKHPLVSKHULFDOSLFWXUH)LQDOO\ WKHFRQGXFWLRQ IOX[ LQ WKH VRLO LVH[SUHVVHGDVD
IXQFWLRQRIWKHDYDLODEOHHQHUJ\DWWKHVRLOVXUIDFH5QV
 
 ൌ Ȟǡ  (1.5) 
ZLWK DQHPSLULFDOFRHIILFLHQWHTXDOWR&KRXGKXU\HWDO
)LQDOO\WKHUHVROXWLRQRIWKLVVHWRIHTXDWLRQVUHOLHVRQWKHVWURQJDVVXPSWLRQWKDWPRVWRIWKHWLPH
WKHYHJHWDWLRQWUDQVSLUHVDWDSRWHQWLDOUDWH7KH3ULHVWOH\7D\ORUHTXDWLRQJLYHVDILUVWHVWLPDWLRQRI/(F
+F LV WKHQFRPSXWHGDVD UHVLGXDORI WKHYHJHWDWLRQHQHUJ\EDODQFH7F LVGHULYHGIURP+F7V
IURPHTXDWLRQ+VLVFRPSXWHGIURP7VDQG/(VDVDUHVLGXDORIWKHVRLOHQHUJ\EDODQFH,I
/(VLVIRXQGQHJDWLYHPHDQLQJFRQGHQVDWLRQRIZDWHURQWKHVRLOVXUIDFHZKLFKLVYHU\XQOLNHO\GXULQJ
WKHGD\WKHDVVXPSWLRQRIDYHJHWDWLRQWUDQVSLUDWLQJDWWKHSRWHQWLDOUDWHLVE\SDVVHG/(VLVVHWWR]HUR
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DQGDQHZYDOXHRI/(FLVFRPSXWHG/LNHZLVHLI/(FLVIRXQGQHJDWLYH/(LVVHWWR]HUR)XUWKHUGHWDLOV
RQWKHUHVROXWLRQDUHJLYHQLQ)UHQFKVHHKLVILJXUHS
3. Experimental data analysis 
3.1. LAI and fraction cover retrieval 
1'9, LV ZHOONQRZQ WR EH FRUUHODWHG WR YHJHWDWLRQ JUHHQQHVV DQG GHQVLW\ 7KH REWDLQHG HPSLULFDO
UHODWLRQVKLSV EHWZHHQ RQ RQH KDQG 1'9, PHDVXUHG in situ E\ WKH FURSVFDQ LQVWUXPHQW RQ WKH VWDNH
WUDQVHFW DQG E\ 6327 VHQVRU DQG RQ WKH RWKHU KDQG /$, GHULYHG IURP KHPLVSKHULF SLFWXUHV RQ WKH
FRUUHVSRQGLQJVWDNHVDUHGLVSOD\HGDW)LJXUH
7KHUHODWLRQVDUHTXLWHOLQHDUIRUWKHILUVWSDUWRIWKHFXUYH/$,)RU/$,!WKH1'9,VDWXUDWHV
DQGQRUHODWLRQDUHIRXQG7KHH[SRQHQWLDOILWVRXJKXVLQJWKHin situFURSVFDQREVHUYDWLRQVUHIOHFWVWKLV
EHKDYLRU7KHUHODWLRQZLWKWKHP6327REVHUYDWLRQVDUHPRUHVFDWWHUHGSDUWLFXODUO\IRUVXJDUEHHW
7KLVPD\EHEHFDXVHVDWHOOLWHLPDJHDFTXLVLWLRQDQGKHPLVSKHULFSLFWXUHFDPSDLJQDUHQRWVLPXOWDQHRXV
HYHQLIWKLVHIIHFWKDVEHHQPLQLPL]HGE\GLVFDUGLQJWKHGDWDLIWKHJDSZDVDERYHGD\V,QDGGLWLRQ
WKHKHPLVSKHULFSLFWXUHDSSURDFKDVVXPLQJDQKRPRJHQHRXVFDQRS\LVQRWZHOODGDSWHGWRURZFURSVXFK
DV VXJDUEHHW DQG WKXVPD\ QRW EH UHSUHVHQWDWLYHRI WKHPSL[HO7KHZKHDW ILHOGGHYHORSPHQWZDV
PXFKPRUHKRPRJHQHRXVZLWKLQWKHVWXG\ILHOGWKDQWKHVXJDUEHHWH[KLELWLQJFRQWUDVWHGVWULSVHQKDQFLQJ
KHWHRURJHQHLW\PD\EHEHFDXVHRIDIDLOXUHLQWKHGULSLUULJDWLRQV\VWHPFI)LJXUH1HYHUWKHOHVVWKH
ILWWHGH[SRQHQWLDOUHODWLRQVDUHVDWLVI\LQJIRUERWKFURSVZLWKDQUðDERYHDQGDQ506(EHORZ
7KHUHODWLRQLVWKHQLQYHUWHGWRDOORZDVSDWLDOL]HG/$,IURPWKHWLPHVHULHVRI6327LPDJHV/LNHZLVH
D UHODWLRQ EHWZHHQ WKH IUDFWLRQ FRYHU VLPSO\ UHWULHYHG IURP WKH ELQDUL]DWLRQ RI QRUPDO SLFWXUHV DQG
FURSVFDQ1'9,LVGHYHORSHGQRWVKRZQ
3.2. Energy budget closure 
0RVW RI WKH VWXGLHV LQ WKH OLWHUDWXUH KLJKOLJKW D GHILFLW RI FORVXUH RI WKH HQHUJ\ EDODQFH ZLWK HGG\
FRYDULDQFHV\VWHP6WDWHGGLIIHUHQWO\WKHVXPRIVHQVLEOH+DQGODWHQWKHDW/(IOX[HVPHDVXUHGE\HGG\
FRYDULDQFHLVOHVVWKDQWKHGLIIHUHQFHRIWKHQHWUDGLDWLRQ5QPLQXVWKHIOX[FRQGXFWLRQ*LQWKHVRLO$
SDUW IURP VSDWLDO UHSUHVHQWLWDWLYLW\ SUREOHP EHWZHHQ RQ RQH KDQG SRLQW VFDOH PHDVXUHPHQWV RI QHW
)LJ  5HODWLRQVKLS EHWZHHQ /$, DQG 1'9, PHDVXUHG E\ WKH FURSVFDQ DQG WKH 6327 VHQVRU D ZKHDW E VXJDU EHHW
6WDWLVWLFVDVVRFLDWHGWR WKHH[SRQHQWLDOILWZLWKWKHFURSVFDQLQVWUXPHQW LVUð UPVH DQGUð UPVH IRUZKHDW
DQGVXJDUEHHWUHVSHFWLYHO\
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UDGLDWLRQDQG*IOX[DQGRQWKHRWKHUKDQGHGG\FRYDULDQFHV\VWHPVDPSOLQJDFLUFOHRIYDULDEOHVL]HRQ
WKHRUGHURIPGHSHQGLQJPDLQO\RQZLQGFRQGLWLRQVDURXQGWKHVWDWLRQWKDWPD\DULVHLIWKHFRYHULV
KHWHURJHQHRXVWKLVXQGHUHVWLPDWLRQLVXVXDOO\DVVLJQHGWRWKHOLPLWHG+]IUHTXHQF\RIWKHLQVWUXPHQW
QRW DEOH WR FDWFK DOO WKH HQHUJ\ FDVFDGHRI WXUEXOHQFH2XUGDWD VHW SUHVHQWVGHILFLWV RI HQHUJ\ FORVXUH
FORVH WR OLWHUDWXUH YDOXHV ZLWK  DQG  RI XQGHUHVWLPDWLRQ IRU :KHDW DQG 6XJDU EHHW VWDWLRQ
UHVSHFWLYHO\7KH%RZHQUDWLRPHWKRGLVXVHGWRFRUUHFWIRUWKLVODFNRIFORVXUH7KLVDSSURDFKDVVXPHV
WKDW WKHGDLO\%RZHQHVWLPDWHG IURP WKH HGG\ FRYDULDQFH V\VWHP LV FRUUHFW DQG DWWULEXWHV WKHREVHUYHG
GHILFLW RI FORVXUH WR WKH /DWHQW+HDW )OX[HV )LJXUH  GLVSOD\V WKH GDLO\ K FORVXUH RI WKH HQHUJ\
EXGJHW IRU:KHDW DQG VXJDU EHHW $IWHU FRUUHFWLRQ WKH HQHUJ\ FORVXUH LV VDWLVIDFWRU\ ZLWK UHDVRQDEOH
XQGHUHVWLPDWLRQ RI  DQG UHVSHFWLYHO\ DQG JRRGGHWHUPLQDWLRQ FRHIILFLHQWV1RWH WKDW  GD\V IRU
6XJDUEHHWDQGGD\IRUZKHDWKDGDEDGFORVXUHDIWHUFRUUHFWLRQDQGZHUHGLVFDUGHGIURPWKHDQDO\VLV












4. TSEB model results and discussion 
4.1. Seasonal cycle of heat fluxes 
7KH76(%PRGHO KDVEHHQ UXQ IRUERWK VLWHV IRUFHGE\ WKH KDOIKRXUO\ VXUIDFH WHPSHUDWXUHGHULYHG
IURP WKH XSZDUG FRPSRQHQW LQ WKH ORQJ ZDYH GRPDLQ PHDVXUHG E\ WKH &15 LQVWUXPHQW )LJXUH 
GLVSOD\VWKHLQVLWXPHDVXUHPHQWVDQGWKH76(%PRGHOSUHGLFWLRQVRIGDLO\KHDWIOX[HVIRUZKHDWDDQG
VXJDU EHHW E /HDI$UHD ,QGH[ DQG D GDLO\ VWUHVV FRHIILFLHQW GHILQHG DV (7(7 DUH DOVR SORWWHG LQ
)LJXUH F DQG G $OWKRXJK VFDWWHUHG WKH WLPH FRXUVH RI LQ VLWX GDLO\ VHQVLEOH DQG ODWHQW IOX[HV LV
FKDUDFWHUL]HG DPDUNHG VHDVRQDO F\FOH IRU ERWK FURSV LQ UHODWLRQZLWK WKH LQFUHDVH RI DYDLODEOH HQHUJ\
ZKHQPRYLQJWRZDUGVVXPPHUDQGZLWKWKHGHYHORSPHQWRIWKHFURSV%DUHVRLOVRIWKHEHJLQQLQJRIWKH
JURZLQJVHDVRQDUHFKDUDFWHUL]HGE\UDWKHUKLJKVHQVLEOHKHDWIOX[HVDQGE\FRQWUDVWORZYDOXHVRIODWHQW
KHDW$VKLIWLQWKHSDUWLWLRQRIDYDLODEOHHQHUJ\EHWZHHQVHQVLEOHDQGODWHQWIOX[HVDFFRPSDQ\LQJWKHVWDUW
RIFURSJURZWKDQG WKHDVVRFLDWHG LQFUHDVHGRI/$,FDQEHREVHUYHGVXEVHTXHQWO\7KH LQFUHDVHRI/(
FRQWLQXHVURXJKO\XQWLOWKHSHDNRI/$,ZKLFKLVIROORZHGE\DGUDVWLFGURSDVVRFLDWHGWRFURSVHQHVFHQFH
DQGDQHZSDUWLWLRQVKLIWDWWKHODWHHQGRIWKHJURZLQJVHDVRQ7KHGDLO\VWUHVVFRHIILFLHQWGHILQHGDV
(7(7 H[KLELW FRQWUDVWHG EHKDYLRXU EHWZHHQ ZKHDW DQG VXJDU EHHW ZLWK PRGHUDWHG VWUHVV YDOXHV
IOXFWXDWLQJDURXQGDOODORQJ WKHVHDVRQ IRU6XJDUEHHWZKLOVWVWUHVVDSSHDUVDOPRVWDEVHQWRQZKHDW
ZLWKYDOXHVFORVHWRQLODSDUWIRUWKHVHQHVFHQFHSHULRG1RWHWKDWWKHQHZ.+LQVWUXPHQWUHSODFHGLQ
HDUO\0DUFK PHDVXUHV GDLO\ /( YDOXHV DOWKRXJK VOLJKWO\ ELDVHV FORVH WR WKH /L&RU  LQVWUXPHQW
)LJ'DLO\KFORVXUHRIWKHHQHUJ\EXGJHWIRU:KHDWDDQG6XJDUEHHWEVWDWLRQVDIWHU%RZHQUDWLRFRUUHFWLRQVHHWH[W
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'XULQJWKHSHULRGRIRYHUODSSLQJIURP$SULOWKWR0D\WKGHWHUPLQDWLRQFRHIILFLHQWUðEHWZHHQWKH
WZRLQVWUXPHQWVLVDQG.+XQGHUHVWLPDWHV/L&RUYDOXHVE\:PðRQDYHUDJH
7KH76(%SUHGLFWLRQVIROORZWKHRYHUDOOREVHUYHGVHDVRQDOF\FOHDWOHDVWXQWLOVHQHVFHQFH4XLWHODUJH
GLVFUHSDQFLHVFDQDOVREHREVHUYHGGXULQJOLPLWHGSHULRGVRQZKHDWIRULQVWDQFHWKHGUDVWLFLQFUHDVHRI
/(DIWHUWKHLUULJDWLRQRIHDUO\0DUFKLVQRWUHSURGXFHGE\76(%/LNHZLVHWKHGUDVWLFGURSRIREVHUYHG
/(RYHUVXJDUEHHW LQ WKHHQGRI$SULO LVQRWFDXJKWE\ WKHPRGHO$IWHUVHQHVFHQFH WKHDJUHHPHQW LQ
SDUWLFXODURYHUZKHDWGHWHULRUDWHVFRQVLGHUDEO\7KLVPD\EHDWWULEXWHGWRDVWURQJXQGHUHVWLPDWLRQRI5Q
QRW VKRZQ DIWHU /$, SHDN RYHU ZKHDW WKDW FRXOG EH UHODWHG WR VLJQLILFDQW FKDQJHV LQ WKH UDGLDWLYH
SURSHUWLHVRIVHQHVFHQWYHJHWDWLRQDQGWRDOHVVHUH[WHQWWRWKHGU\LQJVRLOQRWWDNHQLQWRDFFRXQWLQWKH
PRGHOOLQJ UHO\LQJ RQ FRQVWDQW DOEHGR DQG HPLVVLYLW\ DOO DORQJ WKH VHDVRQ $QRWKHU UHDVRQ RI WKLV
XQGHUHVWLPDWLRQFRXOGDOVREH WKH3ULHVWOH\7D\ORUDVVXPSWLRQRI WKHFDQRS\HYDSRUDWLQJDW DSRWHQWLDO
UDWHWKDWLVQRWYDOLGDQ\PRUHDIWHUWKH/$,SHDN
4.2. TSEB performance of daily evapotranspiration 
)LJXUHGLVSOD\VWKHVFDWWHUSORWRIGDLO\HYDSRWUDQVSLUDWLRQE\SKRQRORJLFDOVWDJHVGHULYHGIURPWKH
PHDVXUHG /$, FRXUVH 2YHU ZKHDW )LJXUH D DOUHDG\ KLJKOLJKWHG GLVFUHSDQFLHV FDQ EH REVHUYHG LQ
SDUWLFXODU GXULQJ WKH ULVLQJ DQG WKH VHQHVFHQFH SKDVHV 'XULQJ JURZWK DQG DURXQG WKH /$, SHDN
REVHUYDWLRQVDQGSUHGLFWLRQVDUHLQEHWWHUDJUHHPHQW,WLVKRZHYHUGLIILFXOWWRGUDZGHILQLWLYHFRQFOXVLRQV
UHJDUGLQJ WKH IDLOXUH RI WKH .+ LQVWUXPHQW XQWLO HDUO\0DUFK LH GXULQJ WKH ULVLQJ DQG WKH JURZWK
SKDVHV 2YHU 6XJDU EHHW )LJXUH E WKH 76(% SUHGLFWLRQV DUH FORVHU WR WKH REVHUYDWLRQV ZLWK D
GHWHUPLQDWLRQ FRHIILFLHQW Uð RI  DQG DQ DFFHSWDEOH506(RIPPGD\ RQ DYHUDJHZKHQ
GLVFDUGLQJGDWDIURPWKHVHQHVFHQFHSKDVH
)LJ7LPHVHULHVRI/DWHQWDQGVHQVLEOHKHDWIOX[HVPHDVXUHGLQVLWXDQGSUHGLFWHGE\WKH76(%PRGHORQWKHZKHDWDDQGWKH
VXJDUEHHWEVWDWLRQV:DWHULQSXWVUDLQIDOODQGLUULJDWLRQDPRXQWKDYHEHHQVXSHULPSRVHGIRUFRPSDULVRQSXUSRVH)LJXUHV
FDQGGGLVSOD\VWKHVWUHVVFRHIILFLHQW(7(7DQGWKH/HDI$UHD,QGH[GHULYHGIURPKHPLVSKHULFSLFWXUHVIRUZKHDWDQG
VXJDUEHHWUHVSHFWLYHO\
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4.3. TSEB performance during “stress” periods
)URPWKHYLVXDOLQVSHFWLRQRI)LJXUHLWDSSHDUVWKDWVHYHUHVWUHVVSHULRGVDUHDOPRVWDEVHQWIRUERWK
FURSVWKDQNVWRLUULJDWLRQ1HYHUWKHOHVV)LJXUH]RRPVRQWZRSDUWLFXODUSHULRGVDURXQGDUDLQIDOOHYHQW
)RFXV LV SXW RQ UDLQIDOO HYHQWV RFFXULQJ RQ 0DUFK WK DQG 0DUFK WK IRU :KHDW DQG 6XJDU EHHW
UHVSHFWLYHO\)LJXUHDDQGG2YHUZKHDWDUHJXODUGHFUHDVHRI/(LVREVHUYHGGXULQJGD\VSUHFHGLQJ
WKHHYHQW)LJXUHDDVVRFLDWHGWRVRLOGU\LQJ)LJXUHFZKHUHDVDYDLODEOHHQHUJ\LVTXLWHVWDEOH7KH
GDLO\ DPSOLWXGHRI WKH7V ±7DJUDGLHQW GLVSOD\V D VOLJKW LQFUHDVH DVZHOO LQGLFDWLQJ DPRGHUDWH VWUHVV
FRUUREDWHG E\ WKH VOLJKW LQFUHDVH RI WKH VWUHVV FRHIILFLHQW ,QWHUHVWLQJO\ HQRXJK D FOHDU LQFUHDVH RI /(
DIWHUWKHHYHQWLVREVHUYHGRYHUVXJDUEHHW7KLVLQFUHDVHLVUDWLRQDOO\DVVRFLDWHGWRDFOHDUGHFUHDVHRIWKH
VWUHVVFRHIILFLHQWDQGRIWKH7V±7DJUDGLHQWZKLOHDYDLODEOHHQHUJ\UHPDLQVFRQVWDQW7KH76(%PRGHO
DSSHDUVXQDEOHWRUHSURGXFHWKLVORJLFDOEHKDYLRXU,QSDUWLFXODUWKHSUHGLFWHG/(LVTXLWHVWDEOHIRUERWK
VLWHV DURXQG WKH UDLQIDOO HYHQW DSDUW IURP WKH VLJQLILFDQW GHFUHDVH GXULQJ WKH HYHQW GD\ DWWULEXWHG WR D
GUDVWLF GURS RI WKH DYDLODEOH HQHUJ\ FHUWDLQO\ GXH WR SHUVLVWHQW FORXGLQHVV 7KLV PD\ EH D VLJQLILFDQW
GUDZEDFNWRHYDOXDWHFURSZDWHUVWUHVVDQGFRQVHTXHQWO\WRKHOSLUULJDWLRQVFKHGXOLQJ
5. Conclusion and on-going work 
7KLVVWXG\EULHIO\SUHVHQWVDQin situH[SHULPHQWFDUULHGRXWRQDQLUULJDWHGSHULPHWHUQHDUWKHFLW\
RI0DUUDNHFK0RURFFRDQGDLPLQJWRHYDOXDWHWKHSHUIRUPDQFHRIVLPSOHPRGHOVWRSUHGLFWFURSVZDWHU
XVHRYHUKHWHURJHQHRXVDJULFXOWXUDOODQGVFDSHVLQVHPLDULGDUHDVDQGSUHOLPLQDU\UHVXOWVRIWKH7ZR
6RXUFH(QHUJ\%DODQFH76(%>@PRGHOHYDOXDWLRQLQLWVRULJLQDOIRUPZLWKµVWDWHRIWKHDUW¶SDUDPHWHU
YDOXHV7KHH[SHULPHQWDOGHVLJQFRQVLVWVRIWZRHGG\FRYDULDQFHVWDWLRQVVDPSOLQJWKHWZRPDLQFURSVRI
WKHDUHDZKHDWDQGVXJDUEHHWDVVRFLDWHGWRELZHHNO\VDPSOLQJRI/HDI$UHD,QGH[DQGIUDFWLRQFRYHU
ZLWKWKHKHPLVSKHULFSLFWXUHDSSURDFK7KLV in situGDWDVHWLVIXUWKHUFRPSOHPHQWHGE\VDWHOOLWHLPDJHV
DFTXLVLWLRQ LQ WKH YLVLEOHQHDU LQIUDUHG 6327  WKHUPDO LQIUDUHG $67(5 DQG DFWLYH PLFURZDYH
GRPDLQ$6$5GDWD
)LJ&RPSDULVRQEHWZHHQREVHUYDWLRQVDQG76(%SUHGLFWLRQVRIGDLO\HYDSRWUDQVSLUDWLRQD:KHDWE6XJDUEHHW
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7KH H[SHULPHQWDO DQDO\VLV RI WKH in situ GDWD SRLQW RXW D VLJQLILFDQW IDLOXUH RI WKH NU\SWRQ .+
PHDVXULQJWKH/DWHQW+HDW)OX[HVRYHUWKHZKHDWVWDWLRQDOWKRXJKGDWDDUHVWLOOXVDEOH$IWHU%RZHQUDWLR
PHWKRGFRUUHFWLRQWKHHQHUJ\EXGJHWFORVXUHLVUHDVRQDEOHZLWKDDQGXQGHUHVWLPDWLRQIRUZKHDW
DQG VXJDU EHHW UHVSHFWLYHO\ /LNHZLVH WKH SURFHVVLQJ RI WKH KHPLVSKHULFDO SLFWXUH DOORZV EXLOGLQJ
VLJQLILFDQW UHODWLRQVKLSV EHWZHHQ WKH YHJHWDWLRQ LQGH[ 1'9, DQG /HDI $UHD ,QGH[ ZLWK GHWHUPLQDWLRQ
FRHIILFLHQW Uð RI DERYH  IRU ERWK FURSV ,Q DGGLWLRQ WKH GDLO\ DYHUDJH RI .U\SWRQ .+ /(
PHDVXUHPHQWV DUH FORVH WR WKH QHZ ,&26 VWDQGDUG /L&RU  LQVWUXPHQW ZLWK D GHWHUPLQDWLRQ
FRHIILFLHQWRIDQGVOLJKWQHJDWLYHELDVRI:Pð
7KHSUHOLPLQDU\DQDO\VLVRI WKH76(%PRGHOSUHGLFWLRQVXQGHUOLQHV LWVJRRGFDSDELOLW\ WR UHSURGXFH
WKH VHDVRQDO FRXUVH RI GDLO\ /DWHQW DQG WR D OHVVHU H[WHQW WKH 6HQVLEOH +HDW IOX[HV DW OHDVW EHIRUH
VHQHVFHQFH2YHUVXJDUEHHWLQSDUWLFXODUWKH506(RIGDLO\HYDSRWUDQVSLUDWLRQLVPPGD\RQ
DYHUDJH LI GDWD GXULQJ VHQHVFHQFH DUHGLVFDUGHG7KLV LV SDUWLFXODUO\ UHPDUNDEOH UHJDUGLQJ WKH UHODWLYH
VLPSOLFLW\ RI WKH DSSURDFK DQG WKDW QR SDUDPHWHUV WXQLQJ KDV EHHQ DSSOLHG +RZHYHU E\ IRFXVLQJ RQ
SHULRGV VXUURXQGLQJ D UDLQ\ HYHQW DPDMRUGUDZEDFNRI WKH76(%PRGHO EHKDYLRU LQSUHGLFWLQJ/( LV
KLJKOLJKWHGZKLOHDUDWLRQDOHVLJQLILFDQWGHFUHDVHLQFUHDVHRI/(LVREVHUYHGEHIRUHDIWHUWKHHYHQW
)LJ&RPSDULVRQRI76(%SUHGLFWLRQVDQGREVHUYDWLRQVIRUWZRWLPHSHULRGVDURXQGDUDLQIDOOHYHQWOHIW:KHDWULJKW
6XJDUEHHW)URPXSWRERWWRPDDQGG/DWHQW+HDW)OX[HVDQGZDWHULQSXWVEDQGH6XUIDFH7HPSHUDWXUHPLQXV$LU
WHPSHUDWXUHDQG6WUHVVFRHIILFLHQWVFDQGI1HW5DGLDWLRQDQG6RLO0RLVWXUH
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DVVRFLDWHGWRVRLOGU\LQJZHWWLQJDQGWRDQLQFUHDVHGHFUHDVHRIWKH7V±7DJUDGLHQWWKH76(%PRGHO
SUHGLFWVTXLWHVWDEOHYDOXHRI/(EHIRUHDQGDIWHUWKHUDLQIDOO7KLVFRXOGVXJJHVWDPRGHOUHVSRQVHPRUH
UHODWHG WRDYDLODEOHHQHUJ\ WKDQ WR WKH7V ±7DJUDGLHQWDQG WKXVDGHILFLHQF\ LQ WKHSDUWLWLRQEHWZHHQ
ODWHQW DQG VHQVLEOH HQHUJ\ GXULQJ VWUHVV SHULRGV +RZHYHU IXUWKHU DQDO\VLV LV QHHGHG WR VXSSRUW WKLV
DVVXPSWLRQ
7KHRYHUDOOREMHFWLYHRIRXUZRUNLVWRHYDOXDWHWKHFDSDELOLW\RIWKHVLPSOHPRGHOVGULYHQIURPUHPRWH
VHQVLQJ REVHUYDWLRQV WR SUHGLFW ZDWHU VWUHVV RYHU D KHWHURJHQHRXV DJULFXOWXUDO ODQGVFDSH :LWKLQ WKLV
FRQWH[WWKHZRUNLQSURJUHVVFRQFHUQVWKHVSDWLDOL]HGHVWLPDWLRQRI/(IURPWKH76(%PRGHOGULYHQE\
WKH DFTXLUHG UHPRWH VHQVLQJ REVHUYDWLRQ LQ WKH YLVLEOH 6327 VHQVRU DQG WKHUPDO LQIUDUHG $67(5
VHQVRU GRPDLQ DQG WKH SRWHQWLDOLW\ WR UHWULHYH ZDWHU LQSXWV IURP WKLV HVWLPDWHV E\ XVLQJ WKH VRLO
HYDSRUDWLRQWHUPDVDSUR[\RIVRLOPRLVWXUH$VSHFLILFREMHFWLYHLVIRFXVHGRQWKH76(%DQDO\VLVRIWKH
PRGHO DVVXPSWLRQV DQG LQ SDUWLFXODU WKH FRQVWUDLQW RI YHJHWDWLRQ WUDQVSLULQJ DW LWV SRWHQWLDO UDWH
3ULHVWOH\7D\ORU DVVXPSWLRQ WKDW FRXOG EH UHVSRQVLEOH RI WKLV VPRRWK EHKDYLRU ,QWHUHVWLQJO\ HQRXJK
VHYHUDOLPSURYHPHQWVWRWKH76(%PRGHOKDYHEHHQSURSRVHGVLQFHWKHRULJLQDOSXEOLFDWLRQRI>@DQGLQ
SDUWLFXODU >@VXJJHVWDZD\ WR³E\SDVV´ WKLV VWURQJFRQVWUDLQWE\ LWHUDWLYHO\UHHYDOXDWH WKH3ULHVWOH\
7D\ORUFRHIILFLHQW
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